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ABSTRACT 
Cold water immersion (CWI) and active recovery (ACT) are frequently used as post-exercise 2 
recovery strategies. However, the physiological effects of CWI and ACT after resistance 3 
exercise are not well characterized. We examined the effects of CWI and ACT on cardiac 4 
output ( ሶܳ ), muscle oxygenation (SmO2) and blood volume (tHb), muscle temperature (Tmuscle ) 5 
and isometric strength after resistance exercise. On separate days, 10 men performed 6 
resistance exercise, followed by 10 min CWI at 10°C or 10 min ACT (low-intensity cycling). 7 
ሶܳ  (7.9±2.7 l) and Tmuscle (2.2±0.8ºC) increased, whereas SmO2 (−21.5±8.8%) and tHb 8 
(−10.1±7.7 μM) decreased after exercise (p<0.05). During CWI, ሶܳ  (−1.1±0.7 l) and Tmuscle 9 
(−6.6±5.3ºC) decreased, while tHb (121±77 μM) increased (p<0.05). In the hour after CWI, ሶܳ  10 
and Tmuscle remained low, while tHb also decreased (p<0.05). By contrast, during ACT, ሶܳ  11 
(3.9±2.3 l), Tmuscle (2.2±0.5ºC), SmO2 (17.1±5.7%) and tHb (91±66 μM) all increased 12 
(p<0.05). In the hour after ACT, Tmuscle and tHb remained high (p<0.05). Peak isometric 13 
strength during 10 s maximum voluntary contractions (MVCs) did not change significantly 14 
after CWI, whereas it decreased after ACT (−30 to −45 Nm; p<0.05). Muscle deoxygenation 15 
time during MVCs increased after ACT (p<0.05), but not after CWI. Muscle reoxygenation 16 
time after MVCs tended to increase after CWI (p=0.052). These findings suggest firstly that 17 
hemodynamics and muscle temperature after resistance exercise are dependent on ambient 18 
temperature and metabolic demands with skeletal muscle, and secondly, that recovery of 19 
strength after resistance exercise is independent of changes in hemodynamics and muscle 20 
temperature. 21 
 
Key words: cryotherapy, muscle oxygenation, blood flow, recovery. 
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INTRODUCTION 23 
Cryotherapy treatments such as cold water immersion, ice baths and ice massage are 24 
frequently used as an aid to recovery from exercise. The use of this method is based partly on 25 
the psychological benefits of these treatments, such as lower ratings of muscle fatigue and 26 
soreness (51). Some studies have also reported benefits of cold water immersion treatments 27 
on muscle function and various aspects of exercise performance [for review see (51)]. Despite 28 
its popularity and anecdotal support, the physiological mechanisms underlying the effects of 29 
cold water immersion during the post-exercise period are not well established. 30 
Various studies have examined changes in central hemodynamics (e.g., cardiac output, 31 
blood pressure, total peripheral resistance) and limb blood flow following immersion in cold 32 
water (i.e., ≤15°C) under resting conditions (4, 13, 20, 28, 41, 42). Other studies have 33 
investigated the effects of cold water immersion on central and peripheral hemodynamics 34 
during recovery from endurance exercise (18, 26, 44, 48). However, the findings from these 35 
studies are not necessarily applicable to recovery from resistance exercise, because autonomic 36 
regulation of the cardiovascular system differs between recovery from endurance exercise and 37 
recovery from resistance exercise (15). Cold water immersion may therefore induce different 38 
cardiovascular responses following resistance exercise compared with endurance exercise. 39 
Previous research has used near infrared spectroscopy (NIRS) to measure changes in 40 
peripheral hemodynamics, including muscle tissue oxygenation (oxyhemoglobin 41 
concentration [O2Hb] or muscle oxygen saturation [SmO2]) and muscle blood volume (total 42 
hemoglobin concentration [tHb]) in response to cold water immersion after endurance 43 
exercise (18, 44) or to icing after eccentric contractions of the elbow flexors (46). Some of 44 
these studies have produced variable findings in relation to changes in SmO2, and only 45 
included ‘passive’ measurements of SmO2 and tHb at rest after exercise (18, 46). Measuring 46 
changes in SmO2 and tHb in response to maximal muscle contractions arguably provides a 47 
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better indication of muscle O2 consumption (rate and level of SmO2) compared with passive 48 
measurements (29). Considering the inconsistencies and limitations of previous research (18, 49 
46), more research is needed to gain a better understanding of how cold water immersion 50 
affects muscle hemodynamics, particularly after traditional resistance exercise. 51 
A number of studies have evaluated the effects of cold water immersion or ice packs 52 
on recovery of strength after eccentric exercise (17, 47), plyometrics (12, 19), resistance 53 
exercise (34, 38), intermittent sprint exercise (35) and exhaustive cycling (31, 32). However, 54 
many of these studies only measured strength after 24 h of recovery from previous exercise. 55 
Less is known about short-term recovery of strength after exercise. Cold exposure can impair 56 
muscle function, possibly by altering neuromuscular properties during muscle contractions (7, 57 
30, 52). These effects could have important implications for athletes who use cold water 58 
immersion to recover quickly between training sessions or competitive events. 59 
The aim of this study was to examine the effects of cold water immersion on cardiac 60 
dynamics (cardiac output, heart rate, cardiac parasympathetic activity), muscle hemodynamics 61 
(SmO2 and tHb), thermoregulation (intramuscular and skin temperature), and muscle strength 62 
following resistance exercise. We also investigated changes in these variables in response to 63 
light-intensity exercise or ‘active recovery’ following resistance exercise, because this method 64 
is used frequently as a recovery therapy for athletes (37). These two recovery therapies are 65 
very different, and are difficult to compare directly. Nevertheless, contrasting physiological 66 
effects of these two modalities is a valid reflection of current practices in the training of high-67 
performance athletes. We hypothesized that cold water immersion would reduce tissue 68 
temperature, cardiac and peripheral hemodynamics, and delay recovery of strength after 69 
resistance exercise, whereas active recovery would have the opposite effects. 70 
 71 
METHODS 72 
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Subjects 73 
Ten physically active men (mean ± SD age: 21.4 ± 2 years, height: 1.8 ± 0.1 m, body 74 
mass: 83.7 ± 14.8 kg) who were familiar with knee extension exercise, and who had been 75 
resistance training 2 to 3 times a week for the previous 12 months volunteered to participate. 76 
Experimental procedures and risks were explained to the participants before they provided 77 
their informed consent to take part in the study. The study was approved by the Human 78 
Research Ethics Committee of The University of Queensland.  79 
 80 
Experimental design 81 
The participants completed a familiarization trial and baseline testing 7 d before the 82 
first of two experimental trials. Each experimental trial involved unilateral knee extensor 83 
exercise with the dominant leg, followed by a 10 min period of cold water immersion or 84 
active recovery, and a 70 min recovery period. Both experimental trials were performed 7 d 85 
apart, in a randomized and counter-balanced manner. Familiarization, baseline testing and the 86 
experimental trials were all performed in a temperature-controlled laboratory (mean ± SD 87 
temperature 24.4 ± 0.2oC, humidity 43.5 ± 1.6 %). 88 
 89 
Familiarization and baseline testing 90 
The familiarization session allowed the participants to practice the unilateral leg 91 
exercise that they would perform in the experimental trials, and familiarize themselves with 92 
the requirements of the physiological measurements. Baseline testing was conducted 93 
approximately 60 min following familiarization, and involved recording isokinetic torque 94 
during 50 maximal knee extensions (details below). The data recorded for isokinetic torque 95 
during this testing were used for comparison with post-exercise values after each of the 96 
experimental trials. These data were also used to calculate the coefficient of variation of 97 
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measuring the physiological variables that would be recorded during the experimental trials. 98 
We did not measure isokinetic torque before exercise on the day of each experimental trial 99 
because the 50 maximal knee extensions would have caused fatigue prior to the unilateral 100 
resistance exercise. 101 
 102 
Experimental trials 103 
An overview of the experimental trials is illustrated in Figure 1. All trials started at 9 104 
a.m. The participants were asked to eat similar food, and drink 10 ml∙kg-1 of water in the 2 h 105 
prior to each trial. They were asked to avoid consuming stimulants, alcohol, tobacco, 106 
antioxidants and nutritional supplementation for 24 h preceding all trials, and not to do any 107 
lower body strength exercise for 48 h prior to each trial. Otherwise, they were allowed to 108 
exercise between the trials, but physical activity before each trial was not monitored. 109 
Trials commenced with a 15 min rest period while the apparatus for recording muscle 110 
and skin temperature, cardiac dynamics and muscle hemodynamics was inserted and/or 111 
attached. After the apparatus was set up, pre-exercise data for muscle and skin temperature, 112 
cardiac dynamics, heart rate variability, muscle hemodynamics and isometric strength were 113 
collected. The participants then rested for another 5 min before they started the unilateral knee 114 
extension exercise (see exercise and performance testing). Over the first 10 min after exercise, 115 
heart rate variability was measured again (0−5 min) and the participants moved in to the 116 
recovery room (5−10 min). At 10 min after exercise, the participants started one of the 117 
recovery interventions (cold water immersion or active recovery). Over 5 min after 118 
completing the recovery interventions, the participants moved back to the laboratory, where 119 
they began the 70 min recovery period. During this recovery period, muscle and skin 120 
temperature, cardiac dynamics, muscle hemodynamics and isometric strength were measured. 121 
Resting heart rate variability and resting muscle hemodynamics were measured immediately 122 
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prior to testing isometric strength at 5, 20 and 40 min during the recovery period. Isokinetic 123 
torque was measured at 60 min. We chose this monitoring period based on previous reports of 124 
greater macro- and micro-vascular blood flow in response to cold water immersion at rest (13) 125 
and following exercise (26) 126 
To minimize the influence of movement, shivering, and posture on cardiac dynamics 127 
and muscle hemodynamics, all trials were performed at ambient room temperature of ~24oC. 128 
Participants kept their torso and exercising leg as still as possible whilst measurements were 129 
undertaken (accounting for muscle hemodynamic measurements taken during, and in 130 
response to exercise). The same upright posture (hip-torso angle of ~90°) was maintained 131 
throughout each trial, other than walking to/from the recovery room. During this period, the 132 
participants adopted a regular upright walking position. Finally, the participants dried their 133 
legs with a towel following cold water immersion, and covered their torso with a towel for 5 134 
minutes following both recovery therapies. 135 
 136 
Unilateral resistance exercise, isometric strength and isokinetic performance 137 
All exercise was performed unilaterally with the dominant leg on an isokinetic 138 
dynamometer (Cybex 6000, CSMI, Stoughton, MA, USA). Unilateral exercise was 139 
implemented to isolate the quadriceps muscles, in particular the vastus lateralis muscle for 140 
temperature and muscle hemodynamic measurements. The dynamometer position was 141 
modified to align the lateral condyle of the femur with the fulcrum, and the seat angle was 142 
fixed at 90o. The unilateral exercise bout consisted of 10 sets of 20 maximal isokinetic knee 143 
extensions in a range from 0 to 90° at a velocity of 90°⋅s-1. The participants rested in the seat 144 
of the dynamometer for 2 min between sets. Repetition tempo was set at 0.5 Hz by an audio 145 
signal, and knee flexion velocity was set at 250°⋅s-1 to allow passive flexion following each 146 
knee extension. 147 
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Isometric MVC knee extension strength was measured at a knee flexion joint angle of 148 
70° (full knee extension = 0°). For each contraction, the participants were instructed to extend 149 
their knee as forcefully as possible at 70°, and continue pushing against the stop point for the 150 
required duration. The participants performed two warm-up contractions, each lasting 5 s, and 151 
separated by 90 s. They then rested for another 90 s before they performed a sustained MVC 152 
contraction for 10 s. Maximum and mean isometric torque were recorded from this 10 s 153 
contraction. This procedure was repeated before the exercise bout, and 5 min, 20 min and 40 154 
min into the recovery period. The isokinetic performance task was performed during baseline 155 
testing (see previous details) and at 60 min during the recovery period. It consisted of 50 156 
sequential maximal isokinetic knee extensions, using the same range, velocity and tempo as 157 
the exercise bout.  158 
All data from the dynamometer were collected at 1,000 Hz using a custom-designed 159 
LabVIEW script (LabVIEW, National Instruments Corp., Texas, USA), and stored on a 160 
personal computer for offline analysis. Test-retest coefficients of variation were determined 161 
from the muscle function testing before both trials. The coefficient of variation for peak 162 
torque from the 10 s isometric contraction was 2.5%. The coefficient of variation for total 163 
work performed over the isokinetic task was 3.2%. 164 
 165 
Recovery interventions 166 
Recovery interventions consisted of cold water immersion or active recovery. For the 167 
cold water immersion therapy, the participants adopted a seated position with a hip angle of 168 
~90°, with their legs outstretched and fully relaxed. This helped to minimize any confounding 169 
effects of muscle contractions on the NIRS signals during the immersion period. The 170 
participants were immersed up to the level of the umbilicus continuously for 10 min in an 171 
inflatable bath (iBody, iCool Australia Pty Ltd., Miami, Australia) containing water at 10 ± 172 
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0.2°C. The participants only immersed their body to the level of their umbilicus, because 173 
immersion up to the neck may have interfered with the impedance cardiography electrodes 174 
placed on the torso (see cardiac dynamics). Water temperature in the bath was continuously 175 
maintained using a circulatory cooling unit (iCool Lite, iCool Australia Pty Ltd., Miami, 176 
Australia). For the active recovery therapy, the participants were instructed to exercise on a 177 
cycle ergometer (Wattbike®, Wattbike Ltd., Nottingham, UK) for 10 min at a low, self-178 
selected intensity, also adopting a hip angle of ~90°. The participants cycled a distance of 3.4 179 
± 0.3 km, at an average power output of 41.1 ± 10.3 W during active recovery.  180 
 181 
Cardiac dynamics 182 
Heart rate, stroke volume and cardiac output were measured continuously by 183 
impedance cardiography (Physioflow®, Manatec Biomedical, Paris, France). This method 184 
detects changes in impedance of alternating low magnitude electrical current between 185 
electrodes on the neck (above the supra-clavicular fossa) and the xiphoid process. Calibration 186 
was completed at rest before exercise by collecting data over 30 cardiac cycles, and inputting 187 
data for diastolic and systolic blood pressure measured from the brachial artery using an 188 
automated sphygmomanometer (Digital blood pressure monitor, UA-767, ADInstruments 189 
Ltd., UK) over the same period. Blood pressure was recorded again, and updated in the 190 
calibration 1 min before, and 5 min after cold water immersion/active recovery. Data were 191 
sampled at 2 beat intervals, and saved on a personal computer for offline analysis. Test-retest 192 
coefficients of variation using the Physioflow® at rest were determined between the resting 193 
measures collected at the start of each trial. The coefficient of variation at rest was 1.7% for 194 
heart rate, 4.1% for stroke volume and 2.9% for cardiac output. Post-exercise coefficients 195 
were calculated using data collected during baseline testing and the first experimental trial. 196 
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The coefficient of variation post-exercise was 5.4% for heart rate, 7.0% for stroke volume and 197 
4.0% for cardiac output. 198 
Heart rate variability was assessed from the time domain by recording the natural 199 
logarithm of the square root mean of the sum of the squared differences between adjacent 200 
normal sequential R−R intervals (Ln rMSSD). This measurement provided a proxy estimate of 201 
parasympathetic nervous activity of the heart (1). R-R intervals were recorded while the 202 
participants were seated, using a heart rate monitor (Suunto T6c, Suunto Oy, Vantaa, Finland) 203 
at a sampling frequency of 1,000 Hz. Ln rMSSD was calculated for R-R intervals recorded 204 
before exercise (PRE), immediately after the resistance exercise (POST), during the recovery 205 
interventions (REC), between 0−5 min (5 min), 15−20 min (20 min) and 35−40 min (40 min) 206 
during the recovery period. Respiration rate was not controlled during these measurement 207 
periods, because heart rate variability indices of parasympathetic activity are similar during 208 
controlled or spontaneous breathing (3), and do not influence Ln MSSD (33). Data files were 209 
transferred to a personal computer using Suunto Team Manager Software (Suunto T6c, 210 
Suunto Oy, Vantaa, Finland). Offline analysis was conducted from 2−5 min of each 5 min 211 
interval, and from 2−9 min during REC. 212 
 213 
Muscle hemodynamics 214 
Muscle hemodynamics were assessed using a portable NIRS system (Portamon®, 215 
Artinis Medical Systems, Netherlands).  The NIRS device emits light at 760 and 850 nm 216 
wavelengths from three optodes, with an average optode-detector distance of 35 mm. Penetration 217 
depth of the light below the skin surface was estimated at 17.5 mm, or half the distance between 218 
the optode and the detector (29, 49). 219 
The NIRS probe was placed on the mid-line of the vastus lateralis muscle, one-third 220 
of the linear distance between the superior border of the patella and the inguinal fold. Probe 221 
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location measurements were recorded and outlined with a marker for re-positioning during the 222 
second experimental trial. The NIRS probe was covered with a black plastic cloth to protect it 223 
from ambient light. It was then placed in a transparent sealed polyethylene bag for waterproofing 224 
and firmly secured to the leg to prevent water leaking into the space between the bag and the 225 
skin, which could potentially influence scattering of the light (21). Pilot testing revealed no 226 
significant impact of the polyethylene bag upon SmO2 and tHb values. The combined adipose 227 
tissue and skin thickness of the participants was measured by skinfold calipers (Harpenden 228 
skinfold caliper, Baty International, West Sussex, UK). Mean ± SD adipose tissue and skin 229 
thickness was 6.5 ± 3.4 mm, calculated as the skinfold thickness divided by two. Therefore, the 230 
intramuscular NIRS penetration depth was estimated at 11.5 ± 3.4 mm, calculated as 17.5 mm 231 
minus adipose tissue and skin thickness. At this penetration depth, the NIRS signal mainly 232 
reflects the metabolic and hemodynamic changes of the muscle (10). The NIRS method is both 233 
reliable and valid for the measurement of muscle oxidative metabolism (39). The coefficient 234 
of variation for test-retest reliability of resting SmO2 was 2.3% in this investigation. 235 
Data were recorded on-line at 10 Hz during all trials, using native software (Oxysoft 236 
V.2.1.6; Artinis Medical Systems, Netherlands). The software calculates changes in light 237 
absorption at the different wavelengths, and converts them to relative concentrations of O2Hb 238 
and deoxyhemoglobin (HHb) using the modified Lambert Law to correct for light scattering 239 
within the tissue. tHb was calculated as O2Hb + HHb and SmO2 was calculated as [(O2Hb / tHb] 240 
× 100 using the spatially resolved spectroscopy method. Off-line analysis was performed using 241 
the same software. 242 
SmO2 and tHb were measured before and after exercise and during the recovery 243 
interventions.  Changes in SmO2 and tHb were also measured during the 10 s isometric MVCs, 244 
which the participants performed before the exercise bout, and 5 min, 20 min and 40 min in to 245 
the recovery period. These 10 s isometric MVCs were used in place of arterial occlusions to 246 
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obtain a measure of O2 consumption because O2 delivery is substantially occluded due to 247 
increased intramuscular pressure of MVCs compressing blood vessels (40). Pre-contraction 248 
SmO2 and tHb were calculated as the mean from −4 to −1 s prior to the visually estimated onset 249 
of the MVCs and isokinetic task. The exact onset of the MVCs and isokinetic task were 250 
identified as the time at which tHb decreased below the mean from −4 to −1 s + 2 × SD of the 251 
mean from −4 to −1 s. The following muscle hemodynamic variables were calculated (11) and 252 
are illustrated in Figure 2.  253 
(i) Minimum ΔSmO2 amplitude (SmO2min), which corresponds to the difference between 254 
minimum SmO2 during the contraction and mean SmO2 over −4 to −1 s prior to the onset of the 255 
contraction. A larger Δ (i.e., more negative) SmO2minvalues indicate greater O2 consumption 256 
relative to O2 delivery. 257 
(ii) SmO2 ½ deoxygenation time (SmO2½ DT), which corresponds to the period of time between 258 
the start of the contraction until SmO2 reaches 50% of the difference between baseline SmO2 and 259 
the minimum SmO2 during the contraction. A shorter SmO2½DT (for a similar SmO2min) 260 
represents a faster O2 consumption rate. 261 
(iii) SmO2 maximum amplitude (SmO2max) was identified as the amplitude corresponding to the 262 
maximum SmO2 % within 120 s following the end of the contraction. 263 
(iv) SmO2 ½ reoxygenation time (SmO2½ RT), which corresponds to the time required (from the 264 
end of the contraction) for SmO2 to reach 50% of SmO2max. A lower value (i.e., faster time) 265 
indicates greater O2 delivery relative to O2 consumption. 266 
 267 
Temperature measurement 268 
Intramuscular temperature was measured using a fine-wire implantable probe (T204E, 269 
Physitemp Instruments Inc, NJ, USA), while skin temperature was measured with a surface 270 
probe (SS-1, Physitemp Instruments Inc, NJ, USA). Temperature was logged at a frequency 271 
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of 1 Hz using a portable data logger (SQ2020, Grant instruments, UK), and transferred to a 272 
portable computer for analysis. An 18 gauge needle was used to insert the implantable probe 273 
to a depth of 18 mm beneath the skin surface, 5 cm superior to the NIRS probe. To ensure 274 
consistency in the depth of insertion, a piece of medical tape was placed exactly 18 mm from 275 
the end of the probe. The probe was then inserted into the muscle until the tape contacted the 276 
skin surface. This depth was chosen because it was in the same region as the estimated 17.5 277 
mm sub-cutaneous working depth of the NIRS probe. Taking into account the thickness of the 278 
adipose tissue and skin at this site, the temperature probe was inserted at a mean ± SD 279 
intramuscular depth of 11.5 ± 3.4 mm. Once the intramuscular temperature probe was at the 280 
required depth, the needle was removed, leaving the probe in place. The skin temperature 281 
probe was placed on the quadriceps immediately next to the medial border of the NIRS 282 
device. Data were averaged for 1 min intervals before and after the exercise bout, during the 283 
recovery interventions, and every 2 min for the recovery period. 284 
 285 
Statistical analysis 286 
 Statistical analysis was conducted using the Statistical Package for Social Sciences 287 
program (V.21, IBM, New York, USA). All data were initially assessed for normality using the 288 
Shapiro–Wilk formula. All measures were assessed by one-way ANOVA for each trial. When 289 
significant time effects were evident, paired t-tests were used to compare changes over time, and 290 
the false discovery rate was used to correct p values for these multiple comparisons. To 291 
complement these statistical comparisons, Cohen’s effect sizes (d) were calculated to illustrate 292 
the magnitudes of differences in muscle function and physiological variables over time. Effect 293 
sizes were assessed as 0.2 = small effect, 0.5 = moderate effect, and ≥0.8 = large effect. Data 294 
collected before exercise and prior to the MVCs at 5, 20 and 40 min after cold water 295 
immersion/active recovery were pooled to calculate Pearson’s correlations between muscle 296 
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temperature, skin temperature, cardiac output, heart rate, stroke volume, SmO2 and tHb. Data for 297 
SmO2 and tHb during cold water immersion/active recovery were averaged over 10 min to 298 
calculate Pearson’s correlations with mean arterial pressure measured 5 min after cold water 299 
immersion/active recovery. All data are presented as mean ± standard deviation (SD). 300 
Significance was set at a level of p < 0.05. 301 
 302 
RESULTS 303 
Resistance exercise bout 304 
The total work completed during the unilateral knee extension exercise bout did not 305 
differ (p = 0.2) between the active recovery (22.2 ± 4.4 kJ) and cold water immersion (22.8 ± 306 
5.9 kJ) trials. 307 
 308 
Cardiac dynamics 309 
After exercise and during recovery interventions 310 
Systolic, diastolic and mean arterial pressures increased significantly after exercise 311 
compared with before exercise (p < 0.05), and did not differ significantly before the two 312 
recovery interventions (Table 1). Systolic blood pressure remained higher after cold water 313 
immersion than before exercise, whereas systolic, diastolic and mean arterial blood pressure 314 
remained higher after active recovery than before exercise (p < 0.05). 315 
Heart rate (Figure 3A), stroke volume (Figure 3B) and cardiac output (Figure 3C) 316 
increased significantly during exercise in both trials (p < 0.05). Heart rate (p = 0.84), stroke 317 
volume (p = 0.89) and cardiac output (p = 0.78) did not differ before the two recovery 318 
interventions. Heart rate remained higher during cold water immersion than before exercise (p 319 
< 0.05) over the first 2 min and returned to pre-exercise values after 5 min. Stroke volume 320 
decreased gradually during cold water immersion and tended to be lower than before exercise 321 
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at 7−10 min (p = 0.1 to 0.06; d = −0.3 to −0.5). Consistent with the decrease in stroke volume, 322 
cardiac output also decreased during cold water immersion and was lower than before 323 
exercise at 8–10 min (p < 0.05). During active recovery, heart rate was higher than before 324 
exercise and remained elevated (p = 0.001; d = 1.3 to 4.1). Stroke volume (p = 0.08 to 0.03; d 325 
= 0.4 to 0.6) tended to remain above the pre-exercise value, and cardiac output (p = < 0.0001 326 
to 0.001; d = 2.1 to 2.4) remained above the pre-exercise value throughout the recovery 327 
therapy. 328 
 329 
After the recovery interventions 330 
 Heart rate was lower than before exercise at 50–70 min after cold water immersion (p 331 
< 0.05; d = 0.7 to 1.0) but remained higher than before exercise during the entire period 332 
following active recovery. Cardiac output also decreased below the pre-exercise rate at 30–60 333 
min after cold water immersion (p < 0.05; d = 0.7 to 1.4), whereas it remained above the pre-334 
exercise value until 20 min after active recovery. 335 
 336 
Heart rate variability 337 
Ln rMSSD was used as a marker of cardiac parasympathetic activity. Ln rMSSD, was 338 
lower after the exercise bout in both trials (p < 0.01; d = −2.4) (data not shown). It rapidly 339 
returned toward the pre-exercise value during cold water immersion (p = 0.003; d = 1.8), 340 
whereas it remained lower than the pre-exercise value at 5 min after active recovery. 341 
 342 
Muscle hemodynamics 343 
During the recovery interventions 344 
During cold water immersion, SmO2 did not change from minute 1 values (p > 0.5), 345 
whereas it decreased progressively during active recovery (p = 0.065 to 0.004) (Figure 4A). 346 
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During cold water immersion, tHb increased above the pre-recovery value during the first 4 347 
min (Figure 4B). It then decreased slightly over the remaining 6 min, but remained higher 348 
than the minute 1 value during cold water immersion (p < 0.05; d = 0.6 to 0.9). tHb increased 349 
above pre-recovery value from minute 3 onwards during active recovery (p < 0.05; d = 0.4 to 350 
1.2). Pooled data for SmO2 and tHb during cold water immersion and active recovery did not 351 
correlate with mean arterial pressure measured 5 min after these recovery interventions 352 
(SmO2: r = 0.10; p = 0.72 and tHb: r = −0.16; p = 0.56). 353 
 354 
After the recovery interventions 355 
SmO2 did not change significantly compared with pre-exercise values after either trial 356 
(time effect p = 0.093) (Figure 4C). tHb was lower than pre-exercise values 5 min (p = 0.003; 357 
d = 2.1) and 20 min (p = 0.033; d = 1.7) after cold water immersion, whereas it was higher 358 
than before exercise 40 min after active recovery (p = 0.037; d = 1.3) (Figure 4D). Pooled 359 
data for resting SmO2 before exercise and before the MVCs at 5, 20 and 40 min after cold 360 
water immersion and active recovery correlated with muscle temperature (r = 0.59; p < 0.01) 361 
and tHb (r = 0.34; p = 0.002). Pooled data for tHb at the same time points correlated with 362 
muscle temperature (r = 0.62; p < 0.001), skin temperature (r = 0.59; p < 0.001) and cardiac 363 
output (r = 0.38; p < 0.001). 364 
 365 
Skin and muscle temperature  366 
After exercise and during the recovery interventions 367 
Muscle and skin temperatures were higher than pre-exercise temperatures immediately 368 
after resistance exercise and before the recovery interventions in both trials (p < 0.001) 369 
(Figure 5). There were no differences in muscle temperature (p = 0.32) or skin temperature (p 370 
= 0.38) before the recovery interventions. Muscle (d = 0.3 to 2.1) and skin (d = 0.3 to 3.3) 371 
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temperature decreased below pre-exercise values during cold water immersion (p < 0.05), 372 
whereas muscle (d = 4.0 to 4.8) and skin (d = 2.1 to 3.7) temperature remained elevated above 373 
pre-exercise throughout the active recovery exercise (p < 0.001). 374 
 375 
After the recovery interventions 376 
Muscle temperature remained below the pre-exercise value for 40 min following cold 377 
water immersion (p < 0.05; d = 1.4 to 4.5), whereas skin temperature remained below the pre-378 
exercise value for the entire period (p < 0.05; d = 0.7 to 6.0) (Figure 5). Muscle (d = 2.7 to 379 
3.8) and skin (d = 3.3 to 4.7) temperatures remained above pre-exercise values for the entire 380 
period after active recovery (p < 0.001). Both muscle (r = 0.26; p = 0.019) and skin 381 
temperature (r = 0.38; p < 0.001) correlated with cardiac output. 382 
 383 
Recovery of muscle strength 384 
Peak isometric torque did not change after cold water immersion (p = 0.235 to 0.618), 385 
whereas it was lower than before exercise at 5, 20 and 40 min (p < 0.05; d = 0.4 to 0.7) after 386 
the active recovery trial (Figure 6). The total amount of work completed during the 50 387 
isokinetic contractions was similar at baseline (i.e., ‘pre-exercise’) compared with when the 388 
same contractions were performed ∼70 min after exercise (Table 3). During the 50 389 
contractions performed ∼70 min post-exercise, isokinetic torque decreased progressively over 390 
time (time effect p < 0.001) in both the cold water immersion and active recovery trials. 391 
 392 
Muscle hemodynamics in response to muscle contractions 393 
Compared with pre-exercise, SmO2min Δ during the 10 s MVC was smaller (p < 0.05) 394 
at 5 min (d = 1 and 1.3) and 20 min (d = 0.6 and 1.4) after both cold water immersion and 395 
active recovery, respectively (Figure 7A), and remained lower at 40 min (d = 1.4) after active 396 
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recovery. Compared with pre-exercise, SmO2½ DT during the MVCs did not change 397 
significantly at any time after cold water immersion (p = 0.155 to 0.631). SmO2 ½DT was 398 
longer compared with pre-exercise values at 20 min (p = 0.001; d = 1.3) and 40 min (p = 399 
0.003; d = 1.2) after active recovery (Figure 7B). Compared with pre-exercise values, SmO2 400 
½RT after the MVCs tended to be longer at 20 min (p = 0.1; d = 0.4) and 40 min (p = 0.052; d 401 
= 0.5) after cold water immersion (Figure 7B). SmO2 ½RT was not significantly different to 402 
pre-exercise values at any time (p > 0.05) after active recovery. SmO2min was lower than 403 
baseline (pre-exercise) values after the isokinetic contractions in the active recovery trial (p < 404 
0.05; d = 3.2), but not in the cold water immersion trial (Table 3). There were no significant 405 
changes in SmO2 ½DT during the isokinetic contractions, or SmO2 ½RT after the isokinetic 406 
contractions in either trial (Table 3). 407 
 408 
DISCUSSION 409 
The aim of this study was to examine the effects of cold water immersion and active 410 
recovery on cardiac dynamics, muscle hemodynamics, tissue temperature and strength 411 
following resistance exercise. Cold water immersion reduced hemodynamics and tissue 412 
temperature, and helped to maintain muscle strength after resistance exercise. By contrast, 413 
active recovery maintained hemodynamics and tissue temperature, and reduced muscle 414 
strength after resistance exercise. Collectively, these findings suggest that (1) hemodynamics 415 
and muscle temperature after resistance exercise are dependent on ambient temperature and 416 
metabolic demands of skeletal muscle, and (2) recovery of strength after resistance exercise is 417 
independent of changes in hemodynamics and muscle temperature. Although some of these 418 
findings were somewhat predictable, they are nevertheless interesting and valuable, because 419 
they represent the first systematic comparison of the physiological effects of these two 420 
frequently used recovery therapies. 421 
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This is the first study to investigate the effects of cold water immersion on stroke 422 
volume and cardiac output during recovery from resistance exercise. Cardiac output and 423 
stroke volume decreased rapidly after exercise in response to cold water immersion, whereas 424 
they remained moderately elevated in response to active recovery (Figure 3). The decrease in 425 
cardiac output during cold water immersion probably reduced blood flow to peripheral 426 
regions of the body to protect and maintain core temperature. By contrast, the maintenance of 427 
cardiac output during active recovery most likely conserved oxygen delivery to contracting 428 
muscle. These differences in cardiac dynamics between cold water immersion and active 429 
recovery probably reflect divergent activity of the parasympathetic and sympathetic nervous 430 
systems (1, 43). As a proxy measure of parasympathetic nervous activity, ln rMMSD 431 
increased after cold water immersion (data not shown), which provides tentative evidence that 432 
cardiac output decreased as a result of greater parasympathetic nervous activity. By contrast, 433 
ln rMSSD remained low after active recovery, which suggests that cardiac output remained 434 
elevated as a result of lower parasympathetic nervous activity. 435 
We used NIRS to examine changes in muscle oxygenation and blood volume during 436 
and after cold water immersion and active recovery. SmO2 did not change significantly during 437 
cold water immersion but decreased during active recovery. This difference reflects the 438 
greater demand for oxygen in contracting muscle during active recovery. tHb increased during 439 
cold water immersion (Figure 4B), indicating an increase in muscle blood volume similar to 440 
the cold-induced vasodilation described by Gregson et al. (13). This is the first study to 441 
combine measurements of central and peripheral hemodynamics after exercise. It is intriguing 442 
that muscle blood volume (tHb) increased during cold water immersion, whereas cardiac 443 
output decreased. This suggests that changes in central blood flow do not necessarily 444 
influence local perfusion within skeletal muscle. In contrast to the increase during cold water 445 
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immersion, tHb decreased for at least 20 min thereafter (Figure 4D), which may reflect 446 
microvascular adaptation to the cold.    447 
Previous research has used NIRS only to examine resting muscle oxygenation and 448 
blood volume after cold water immersion (18, 46). We have extended current knowledge of 449 
the effects of cold water immersion by evaluating changes in muscle oxygenation in response 450 
to occlusion and hyperemia associated with MVCs. SmO2 amplitude (SmO2min) and 451 
deoxygenation time (SmO2 ½DT) derived from NIRS measurements indicate the demand for 452 
oxygen in contracting muscle (11, 29). We are confident that occlusion was maintained 453 
during the MVCs because (i) full blood flow occlusion occurs at or above 50−60% maximum 454 
isometric torque (32), and (ii) torque did not decrease substantially during the MVCs (data not 455 
shown). SmO2min during MVCs decreased (relative to pre-exercise values) after both cold water 456 
immersion and active recovery (Figure 7A), indicating a reduction in total O2 consumption. This 457 
response may reflect temporary muscle fatigue following resistance exercise. SmO2 ½DT during 458 
MVCs did not change significantly after cold water immersion, whereas it was longer after 459 
active recovery (Figure 7B). This finding indicates that the rate of O2 consumption in muscle 460 
during MVCs slowed after active recovery but not after cold water immersion. SmO2 461 
reoxygenation time (SmO2 ½RT) after MVCs tended to be longer (p = 0.052 versus pre-462 
exercise values) 40 min after cold water immersion (Figure 7B). This finding suggests that O2 463 
consumption mildly exceeded O2 delivery after MVCs following cold water immersion. This 464 
mismatch possibly resulted from the decrease in cardiac output (Figure 3C) and/or muscle 465 
perfusion (Figure 4D) that occurred after cold water immersion (14, 25, 27).  466 
 Another new and important finding in this study is that cold water immersion 467 
prevented any decrease in maximal isometric strength after resistance exercise (Figure 6). By 468 
contrast, strength remained below pre-exercise values for at least 40 min after active recovery. 469 
Previous research on the short-term effects of cold water immersion on muscle function has 470 
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produced inconsistent findings. Similar to our findings, Pointon et al (35) helped to maintain 471 
maximal isometric strength immediately after 30 min intermittent sprint exercise. By contrast, 472 
other research has demonstrated no effect of cold water immersion on maximal isometric 473 
strength at rest (i.e., with no prior exercise) (52) or 1−2 h after exhaustive cycling (31, 32) or 474 
resistance exercise (34, 38). This variability may be due to differences in cold water 475 
immersion protocols (temperature, duration, body surface area immersed) and the metabolic 476 
and neuromuscular demands of exercise. In the present study, cold water immersion may have 477 
helped to maintain strength after resistance exercise through direct and indirect mechanisms 478 
involving group III and IV afferents. Cold exposure inhibits the activity of group III and IV 479 
afferents in skeletal muscle (24) and reduces the accumulation of lactic acid during muscle 480 
contractions (8). Lactic acid stimulates group III and IV afferents in skeletal muscle, resulting 481 
in perceptions of fatigue and pain (36). By inhibiting the activity of group III and IV afferents 482 
and reducing lactic acid accumulation in muscle after exercise (53), cold water immersion 483 
may have minimized the perceptions of fatigue and pain. In turn, this could have allowed the 484 
participants to produce greater force during MVCs following cold water immersion. Although 485 
cold water immersion reduced resting muscle blood volume (Figure 4D) and tended to slow 486 
the rate of SmO2 reoxygenation after MVCs (Figure 7B), these effects did not seem to 487 
influence muscle function. Active recovery could have interfered with the restoration of 488 
sarcoplasmic reticulum function and Ca2+ signaling, which have been linked to prolonged 489 
muscle fatigue after exercise (16, 50). 490 
 491 
Perspectives and significance 492 
 Several theoretical and technical issues relating to our measurements of cardiac 493 
dynamics, muscle oxygenation and blood volume are worth considering. First, our findings 494 
are specific to the context in which we applied cold water immersion and active recovery. The 495 
22 
 
 
physiological and functional effects of these recovery treatments will most likely vary 496 
depending on the situation. For example, these treatments may induce different effects when 497 
they are applied during other phases of post-exercise recovery or after other modes of 498 
exercise. The alterations in muscle temperature, central and peripheral hemodynamics in 499 
response to cold water immersion or active recovery may also influence other aspects of 500 
muscle function/exercise performance in different ways. 501 
Second, impedance cardiography and NIRS offer advantages over other more invasive, 502 
complicated or costly methods for assessing central and peripheral hemodynamics. However, we 503 
acknowledge that these methods are not without limitations. The main limitation of impedance 504 
cardiography is that it is based only on estimates of stroke volume. Anecdotal evidence suggests 505 
that impedance cardiography is also affected by shivering (2). The participants in our study 506 
probably did shiver to some degree while sitting in cold water, but we can only speculate how 507 
much this may have influenced the impedance cardiography data. Impedance cardiography also 508 
assumes that central venous pressure remains constant, but it is unlikely that it was constant 509 
during cold water immersion or active recovery. Some studies have reported that tissue 510 
oxygenation measured using NIRS fluctuates with changes in skin blood flow, which has 511 
raised doubts as to whether NIRS signals accurately reflect tissue oxygenation within skeletal 512 
muscle (5, 6, 22, 45). The accuracy of the NIRS signal depends on the depth at which the light 513 
from the probe penetrates through skin and adipose tissue into skeletal muscle (9). We 514 
estimate that our NIRS probe penetrated to 11.5 ± 3.4 mm within skeletal muscle. At this 515 
penetration depth, we contend that the changes in SmO2 and tHb genuinely reflect differences 516 
in tissue oxygenation in the muscle, rather than experimental artifact arising from changes in 517 
skin temperature and/or blood flow (23).  518 
Third, the lack of any extended warm-up before the MVCs could have influenced 519 
muscle function—particularly at 20 and 40 min after exercise. We did not allow the 520 
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participants to warm up their muscles for any extended period because this probably would 521 
have confounded the effects of the prior recovery interventions. We contend that the muscle 522 
function tests are valid because (a) we explicitly set out to examine how differences in muscle 523 
temperature after exercise influence recovery of muscle strength and (b) we followed the 524 
same protocol in both experimental trials. Last, we were careful not to suggest or imply any 525 
benefits of cold water immersion over active recovery to the participants in this study. 526 
However, it was impossible to blind the participants to the treatments that they received. The 527 
participants may also have had some preconceptions about the benefits of cold water 528 
immersion as a recovery strategy that could have influenced how they performed in the 529 
muscle function tests. Notwithstanding these limitations, we believe our findings advance 530 
existing knowledge of the physiological effects of cold water immersion after exercise. 531 
In summary, this is the first systematic investigation into the effects of two frequently 532 
used post-exercise recovery therapies on cardiac dynamics, tissue temperature, muscle 533 
function, muscle oxygenation and blood volume. The strength of the study lies in the 534 
simultaneous measurement of these physiological variables during and after cold water 535 
immersion and active recovery. It is difficult to compare directly the physiological effects of 536 
cold water immersion and active recovery. Nevertheless, knowledge of the contrasting effects 537 
of these recovery therapies is important to improve our understanding of which modality to 538 
use in different circumstances. Future research could compare the effects of different water 539 
temperature on these physiological variables and examine in more detail the hyperemic 540 
responses in skeletal muscle after cold water immersion. 541 
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FIGURE LEGENDS 706 
 707 
FIGURE 1. Experimental overview. 708 
 709 
FIGURE 2. An illustration of near-infrared spectrometry variables during and following an 710 
isometric maximum voluntary contraction. Grey section represents the 10 s contraction 711 
period. N.B. Axes are not drawn to scale. 712 
 713 
FIGURE 3. Heart rate (A), stroke volume (B) and cardiac output (C) before (PRE) and after 714 
(POST) resistance exercise, during the recovery interventions (grey section), during the 715 
recovery period, and following the dynamic task (PD). Vertical dashed lines represent the 716 
beginning of the recovery period (0 min) in the cold water immersion (CWI) and active 717 
recovery (ACT) trials. Data are mean ± SD. * p < 0.05 vs pre-exercise. 718 
 719 
FIGURE 4. Quadriceps muscle oxygenation (SmO2) and blood volume (tHb) during 720 
(minutes 1-10; panels A and B) and following (minutes 5-40; panels C and D) the cold water 721 
immersion (CWI) and active (ACT) recovery interventions. PRE: pre-exercise, post-722 
exercise: POST, pre-recovery therapy: PRE REC. Data are mean ± SD. * p < 0.05 vs pre-723 
exercise. 724 
 725 
FIGURE 5. Muscle (A) and skin (B) temperatures before (PRE) and after (POST) the 726 
exercise bout, during the recovery interventions (grey section), after the recovery 727 
intervention (POST REC), and during the recovery period in the cold water immersion 728 
(CWI) and active recovery (ACT) trials. Vertical dashed line represents the beginning of the 729 
recovery period (0 min). Data are mean ± SD. * p < 0.05 vs pre-exercise. 730 
 731 
FIGURE 6. Peak isometric torque pre-exercise (PRE) and at 5, 20 and 40 min in to the 732 
recovery period (corresponding to 25, 40 and 65 min after the resistance exercise bout) in the 733 
cold water immersion (CWI) and active recovery (ACT) trials. Grey shaded area indicates 734 
the period of CWI or ACT. N.B. x-axis is not drawn to scale. Data are mean ± SD. * p < 0.05 735 
vs pre-exercise. 736 
 737 
FIGURE 7. Quadriceps muscle oxygenation (SmO2) kinetics (A) and amplitude (B) during 738 
isometric contractions. SmO2½ DT, half deoxygenation time. SmO2½ RT, half 739 
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reoxygenation time in the cold water immersion (CWI) and active recovery (ACT) trials. 740 
N.B. Data to the left of the dotted line are plotted on the left y-axis; data to the right of the 741 
dotted line are plotted on the right y-axis. Data are mean ± SD. * p < 0.05 vs pre-exercise.  742 
  743 
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Table 1. Systolic, diastolic, and mean arterial pressure measured before and after exercise, 744 
and 1 min after the recovery therapies. *Significantly different vs pre-exercise, p < 0.05. † 745 
Significantly different vs post exercise, p <0.05 746 
 747 
    
 Before exercise After exercise After recovery 
Systolic pressure 
CWI 
ACT 
 
118 ± 5 
118 ± 6 
 
131 ± 3 * 
130 ± 9 * 
 
125 ± 8 * 
126 ± 8 * 
Diastolic pressure 
CWI 
ACT 
 
71 ± 9 
74 ± 5 
 
74 ± 9 * 
76 ± 5 * 
 
71 ± 8 † 
78 ± 6 *† 
Mean arterial pressure 
CWI 
ACT 
 
87 ± 7 
88 ± 4 
 
93 ± 6 * 
94 ± 4 * 
 
89 ± 7 † 
94 ± 4 * 
 748 
 749 
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Table 2. Peak isokinetic torque (Nm) (mean ± SD) during the fatigue task at baseline, and during the cold water immersion (CWI) and active 751 
recovery (ACT) trials. N.B. Baseline performance was measured 7 d prior to the first trial, and was used as a ‘pre-exercise’ comparison for both 752 
experimental trials; see Methods. *Significant difference from contractions 1−5 (p < 0.05). 753 
 754 
 755 
 Contraction number 
Condition 1−5 6−10 11−15 16−20 21−25 26−30 31−35 36−40 41−45 46−50 
Baseline 
137  
± 30 
152  
± 23 
147  
± 20 
135  
± 25 
123  
± 23* 
111  
± 24* 
99  
± 24* 
86  
± 22* 
79  
± 19* 
75  
± 17* 
CWI 
135  
± 29 
156  
± 30 
141  
± 31 
133  
± 26 
115  
± 25* 
102  
± 20* 
93  
± 18* 
86  
± 18* 
82  
± 14* 
81  
± 18* 
ACT 
140  
± 29 
150  
± 36 
144  
± 39 
128  
± 42 
116  
± 34* 
101  
± 32* 
91  
± 32* 
82  
± 30* 
79  
± 26* 
78  
± 26* 
32 
 
 
Table 3. Total work and changes in muscle oxygenation (SmO2) and blood volume (tHb) 756 
during and for 2 min after 50 isokinetic contractions. CWI, cold water immersion; ACT, 757 
active recovery (ACT) trials. N.B. Baseline performance was measured 7 d prior to the first 758 
trial, and was used as a ‘pre-exercise’ comparison for both experimental trials; see Methods. 759 
* Significantly different from baseline, p < 0.05. 760 
 761 
 Trial 
Isokinetic task variable Baseline CWI ACT 
Total work (kJ)    
Contractions 1−25 3.5 ± 0.7 3.5 ± 0.8 3.6 ± 0.9 
Contractions 26−50 2.2 ± 0.6 2.2 ± 0.5 2.2 ± 0.8 
tHb minimum 
amplitude (μM) 1.1 ± 3.3 −1.3 ± 2.0* -0.2 ± 3.5 
tHb maximum 
amplitude (μM) 10.0 ± 5.7 6.9 ± 3.7* 7.0 ± 5.4 
SmO2min (%) −14.7 ± 8.4 −17.3 ± 8.0 −14.2 ± 6.5 
SmO2½DT (s) 11.7 ± 8.3 10.9 ± 3.4 11.8 ± 6.6 
SmO2½RT (s) 22.5 ± 29.4 19.0 ± 9.6 19.6 ± 8.0 
 762 
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